We discuss our recent progress in iimproving the phase noise of a semiconductor laser using self-injection locking of to a mode of a high-Q whispering gallery mode resonator. Locking efficiency is analyzed for semiconductor distributed feedback (DFB) as well as Fabry-Perot (FP) lasers operating at 690 nm, 1060 nm, 1550 nm, and 2 µm. Instantaneous linewidth below 300 Hz is realized with telecom DFB lasers. Tunability of the lasers is demonstrated. Commercially available packaged "plug-and-play" devices are manufactured.
INTRODUCTION
Self-injection locking of semiconductor lasers 1-3 using high quality factor (Q) whispering gallery mode (WGM) resonators allows realization of compact high performance devices. WGM resonators provide high-Q in a broad wavelength range 4 and self-injection locking is one of the most efficient ways to lock a laser to a WGM. The locking effect occurs due to resonant Rayleigh scattering in the resonator, 5 which results in back-reflection of some amount of light circulating in the resonator into the laser when the frequency of the light coincides with the frequency of the selected WGM. This provides a fast optical feedback resulting in laser linewidth collapse. Several experiments involving lasers locked to dielectric resonators, including WGM resonators, were reported previously.
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Self-injection locking to a WGM is applicable to any laser emitting at a wavelength within the transparency window of the resonator host material. For instance, lasers emitting in the 1500 nm-10 µm range can be stabilized using CaF 2 or MgF2 WGM resonators. This leads to a broad range of opportunities for realizing miniature narrow-line lasers suitable for any application where low optical phase and frequency noise are important. As the self-injection locking does not require any electronics, the laser can be very tightly packaged, which simplifies its thermal management, and also reduces the influence of the acoustic noise on the laser frequency. The laser can be used as a master laser for pumping high power lasers used for metrology and remote sensing.
We realized self injection locking of DFB diode lasers using crystalline (CaF 2 ) WGM resonators 13 and demonstrated instantaneous linewidth of less than 160 Hz in these lasers, with long frequency stability limited only by the thermal drift of the WGM frequency. The linewidth reduction factor determined as the ratio of the linewidth values of the free running and locked lasers was greater than 10,000. The minimal value of the Allan deviation for the laser frequency stability was 3 × 10 −12 at the integration time of 20 µs.
Self-injection locking also facilitates production of tunable narrow-line semiconductor lasers. 2 A narrow linewidth, widely tunable laser can be created from a thermally tunable diode laser injection locked to a tunable WGM. The tuning speed, however, is comparably slow in this case and is determined by the thermal response of the resonator fixture. The tuning rate is usually in the range of several gigahertz per degree. Agile frequency tuning of a self-injection locked laser can be realized by other means. For instance, electro-optic resonators with Send correspondence to A.B.Matsko: Andrey.Matsko@oewaves.com Figure 1 . Illustration of improvement of phase noise (a) and relative intensity noise (b) of a widely tunable semiconductor DFB laser due to self-injection locking to a mode of a high-Q WGM resonator.
voltage controlled spectra can be utilized. The tuning agility in such a system is determined by the characteristic locking time, which can be shorter than a microsecond.
We reported earlier on packaging DFB diode lasers self-injection locked by means of electro-optically active WGM resonators into small form factor with 44×27×14 mm dimensions. We used lithium tantalate as the resonator host material and applied voltage to the resonator to tune the laser frequency. 18 In this work we report on demonstration of efficient optical phase locking of two electro-optically tunable self-injection locked lasers.
We also report on implementation of lasers with piezo-actuation and discuss improvements of noise parameters of packaged lasers operating in the telecom band. The piezo-actuation is advantageous since it allows locking the laser to a resonator made of any material, not necessary electro-optic. It is useful since non-electro-optic materials, such as MgF 2 and CaF 2 , have much smaller optical loss, so the resonators made out of those materials usually have two to three orders of magnitude larger Q-factor. In turn, larger Q-factor results in tighter locking and narrower linewidth for the tunable lasers. In addition, usage of the non-electro-optic materials allows creating agile lasers in much broader wavelength range as compared to the lasers based on lithium niobate and lithium tantalate. We describe experimental results for lasers operating at wavelengths different from the telecom band and present data for the packaged devices operating at 690 nm, 1060 nm, 1550 nm, and 2 µm.
NOISE IMPROVEMENT ACHIEVED WITH SELF-INJECTION LOCKING
We have studied self-injection locking of multiple types of semiconductor lasers and found that the process improve phase noise of the lasers rather significantly. A three orders of magnitude improvement of the laser phase noise, resulting from self-injection locking, can be seen at Fig. (1) . The phase noise of the locked lasers can be much smaller as compared with the noise shown in Fig. (1) if resonators with higher quality factors are used to stabilize the lasers (see, e.g. phase noise of a self-injection locked laser in Fig. 3 ).
The locking mechanism does not result in increase of the relative intensity noise of the laser (RIN). The noise even improves in certain spectral band (Fig. 1) . RIN is sensitive to fluctuations of the feedback strength, which means that the optical path of the self-injection locked system has to be stable to avoid increase of the noise.
The power of self-injection locked lasers is usually limited because of nonlinearity of the high-Q resonators. The power of the light confined in the resonator mode should not cause stimulated Raman scattering and other types of instabilities. The lasers produced at OEwaves usually have output power of 10 dBm. As some applications require higher power levels, optical booster amplifiers can be used to increase the output power to a desirable level.
We verified the impact of optical amplifiers on the laser noise. The results of the measurements are presented in Fig. (2) . In this experiment we used a self-injection locked semiconductor laser with very low phase and frequency noise. The output power of the laser was approximately 6 dBm. We amplified the output light using either a semiconductor booster amplifier or an erbium doped amplifier and measured phase noise of the optical signal by beating the amplified light with optical local oscillator on a fast photodiode and measuring phase noise of the RF signal leaving the photodiode. The sensitivity of such a measurement is limited by the phase noise of the optical local oscillator. The measurement shows that the frequency noise of the amplified light is very good Fig. (2a) . The relative intensity noise degrades as compared with the noise of the base line laser output, however it is still rather good for the given value of optical power Fig. (2b) .
ULTRA-LOW NOISE 1550 NM LASERS
We built a self-injection locked DFB laser prototype using high-Q MgF 2 resonator of 7 mm diameter. The intrinsic bandwidth of the resonator did not exceed 35 kHz, which means that the Q-factor was exceeding 5 × 10 9 . The DFB laser was injected with 80 mA current and emitting 13 dBm of optical power. After the laser was self-injection locked to a mode of the resonator, we measured the phase noise using an OEwaves automated laser linewidth and frequency noise measurement system. The results of the measurements are shown in Fig. (3) . The demonstrated laser has better phase noise as compared with the noise floor of the measurement system. An identical laser must be built to validate the predicted performance shown by the dashed line.
It is interesting to compare the performance of the self-injection locked laser with performance of a laser based on stimulated Brillouin scattering (SBS). optical pump, Stokes, and acoustic modes, resulting in great suppression of the pump laser frequency noise. The fundamental SchawlowTownes frequency noise of the SBS laser is on the order of 0.1 Hz 2 /Hz. We achieve better performance with a conventional semiconductor laser locked to a high-Q microresonator. Self-injection locked laser can be integrated on a chip, similar to the SBS laser. The performance of the laser can be further improved if a higher-Q WGM resonator is used for injection locking.
WAVELENGTH VARIETY

690 nm laser
A commercially available single mode Fabry-Perot laser diode operating at 690 nm (Opnext 40 mW) was self injection locked to a high-Q WGM resonator (Fig.4) . The device was built on a monolithic optical bench with approximate dimensions of 0.5×1 inches. The frequency pulling effect of the self-injection locking process was far larger (≈1nm) than self-injection locking with DFB (≈0.1 nm) laser diodes due to the large difference in the optical quality factor of the WGM cavity and the Fabry-Perot cavity as well as mode competition with the laser diode.
Single mode Fabry-Perot laser diodes operate in a single frequency regime due to mode competition within the laser diode cavity. The resonant optical feedback from the WGM resonator affects this mode competition and causes the laser diode to lase at an adjacent mode leading to large frequency changes when self-injection locking occurs. This mode competition is also sensitive to changes in the feedback phase and magnitude which increases the sensitivity of the device to environmental perturbations when compared to self-injection locked DBR or DFB laser systems.
The self-injection locked FP laser system demonstrates a substantial decrease in RIN below 1 kHz when selfinjection locked. This improvement should extend to much higher frequencies with addition of optical isolation before the output optical fiber.
1060 nm laser
A bench top device was constructed from a single mode commercially available 1052 nm laser diode (Axcel Photonics 100 mW) and a high-Q whispering gallery mode resonator (Fig. 5) . This device had similar injection locking characteristics to the 690 nm device showing large frequency pulling (≈20 GHz) when locked. The laser diode operated in single frequency operation when free running, but the mode competition was much stronger than that of 690 nm laser diode described above. The strong mode completion causes reasonable suppression of the side modes. Self-injection locking results in further reduction of the side mode power.
2 µm laser
A commercially available 2.05 µm DFB (Nanoplus, 18 mW) diode laser was self-injection locked to a high-Q WGM resonator with an integrated PZT (Fig. 6) . The PZT allows high speed modulation of more than 10 MHz and flat frequency response for locking loops of more than 100 kHz. This device was build into a custom fiber coupled package with dimensions of 3×1×1 inches which was then integrated into a turnkey consumer module for ease of use. The dimensions of the completed laser module were approximately 6×6×1 inches. The completed module had sub-kHz Lorentzian linewidth, more than 20 GHz of thermal tuning controlled via the input voltage on a single SMA port and approximately 2 mW output power from the fiber. Status monitoring and laser condition are monitored via a USB connector on a PC with a custom control application.
ELECTRO-OPTICAL TUNING
We created an electro-optically tunable self-injection locked laser using a lithium niobate resonator (Fig. 7) . Light emitted by a 1550 nm semiconductor DFB laser mounted on a ceramic submount was collimated and sent to a LiNbO 3 WGM resonator using a coupling prism. The power at the output of the laser chip was 25 mW. The maximal power at the output of the optical fiber was 10 mW.
The resonator was made of z-cut LiNbO 3 had 1 mm in diameter with unloaded Q-factor approaching 3 × 10
8 . Approximately 10% of the light hitting the resonator mode was reflected back to the laser due to stimulated Rayleigh scattering, locking the laser frequency to the WGM. In presence of optical feedback from the WGM resonator, the laser remained locked to WGM frequency within the range in excess of 2 GHz in terms of free running laser tuning.
The laser and the resonator were mounted on separate thermal control elements, and the long term stability of the laser were limited by residual temperature variations of the resonator. Another source of instability was related to intensity-dependent heating of the resonator perimeter, where WG modes are localized, due to absorption of light. Yet another source of frequency instability was the variations of the locking point of laser within the bandwidth of WGM due to residual variations feedback phase because of varying geometrical spacing between laser chip and resonator.
Optical phase locking experiment with electro-optically tunable laser
We built two narrow linewidth lasers by self-injection locking two DFB lasers to high-Q LiTaO 3 resonators respectively. Since LiTaO 3 is electro-optical material, whose refractive index can be changed quickly by electric field, we expected that these lasers could be modulated fast electrically. To demonstrate the fast modulation capability we then constructed an optical phase locked loop using the two narrow linewidth lasers as shown in Fig. (8a) . We mixed the two lasers signal on a fast photodiode and generated 8.4 GHz beat signal. By mixing the beat signal with a synthesizers signal, the phase different between the two lasers was extracted, filtered and fed back to the slave laser. In this way the frequency and the phase difference between the two lasers were locked to the synthesizer reference. The phase noise of the beat signal between the two lasers was also measured before and after engaging the phase lock loop, and compared with the phase noise of the synthesizer in Fig. (8b) . As can be seen, with the phase lock loop engaged, the phase noise of the beat signal, which represents the relative phase jitter between the two lasers, was following that of the synthesizer up to the bandwidth of the loop. The bandwidth of the loop was about 400 kHz and can be further increased to a few MHz if the loop filter is carefully designed and the loop delay can be shortened. Figure 9 . Results of the tuning of frequency of a self-injection locked laser using a piezo-element attached to the WGM resonator. (a) Heterodyne beat note when the laser is dithered at 1 kHz frequency with 40 V peak to peak. The maximum frequency span is 800 MHz. (b) Heterodyne beat note taken when the laser is dithered at 100 kHz with 40 V peak to peak. The maximum frequency span is 600 MHz. Sensitivity and flatness of the response have reduced because the ILX current driver cut-off frequency is 100 kHz. A faster driver is required. 
PIEZO-TUNABLE LASER
A standard OEwaves 1550 nm laser was equipped with a resonator with integrated PZT for high speed modulation and very fast loop bandwidth (Fig. 9) . The PZT stresses the microresonator through the elasto-optic effect creating a change in the local index of refraction at the optical mode. The changing index causes the resonant frequency of the resonator to change. When self injection locked the laser tracks the changing frequency of the optical mode creating high speed frequency modulation in the optical output with very low residual amplitude noise.
The PZT-based self-injection locked laser was packaged in a fiber coupled butterfly package with a SMC microwave port connected to the integrated PZT. The package dimensions were approximately 1×0.5×0.5 inches. The addition of the PZT resonator did not affect the performance characteristics of the standard laser, 50 GHz thermal mode hop free tuning, 2 nm complete wavelength coverage and 10 mW output power. The size of the fully turnkey laser module was also unchanged with the addition of the PZT. The high speed modulation and fast loop bandwidth can be used at any wavelength within the 2 nm of complete coverage. Flat response range of more than 100 kHz has been demonstrated along with AC response frequencies demonstrated to be beyond 10 MHz. The addition of the PZT to the WGM resonator does not change any of the optical characteristics of the resonator allowing this technique to be used to create high speed modulation at for injection locked lasers operating at any wavelength where the resonator has high-quality factor.
The performance of the laser tunable by means of a PZT actuator is illustrated by Figs. (9) , (10) , and (11) . The laser produces frequency modulated signal with very little admixture of amplitude modulation. The modulation frequency can exceed a MHz, and the modulation magnitude can exceed tens of MHz. Tunability span of 3 GHz is demonstrated.
